The 3h untranslated regions (UTRs) of the three genomic RNAs of alfalfa mosaic virus consist of a 3h homologous sequence of 145 nt and upstream unique sequences 18-34 nt in length. Mutations were made in the 3h UTR of a cDNA clone of RNA3. Point mutations in five AUGC motifs which interfere with specific binding of coat protein to the 3h UTR had no effect on template activity of RNA3 for minus-strand RNA synthesis in vitro by purified viral RNA-dependent RNA polymerase (RdRp). Deletion analysis showed that the 3h homologous sequence of 145 nt was sufficient for a low level of template activity in the in vitro RdRp assay and a similarly low level of RNA3 accumulation in plants. The presence of an additional sequence of nucleotides 145-165 from the 3h end of RNA3 enhanced template recognition by RdRp in vitro and accumulation of RNA3 in vivo to wild-type levels.
The 3h untranslated regions (UTRs) of the three genomic RNAs of alfalfa mosaic virus consist of a 3h homologous sequence of 145 nt and upstream unique sequences 18-34 nt in length. Mutations were made in the 3h UTR of a cDNA clone of RNA3. Point mutations in five AUGC motifs which interfere with specific binding of coat protein to the 3h UTR had no effect on template activity of RNA3 for minus-strand RNA synthesis in vitro by purified viral RNA-dependent RNA polymerase (RdRp). Deletion analysis showed that the 3h homologous sequence of 145 nt was sufficient for a low level of template activity in the in vitro RdRp assay and a similarly low level of RNA3 accumulation in plants. The presence of an additional sequence of nucleotides 145-165 from the 3h end of RNA3 enhanced template recognition by RdRp in vitro and accumulation of RNA3 in vivo to wild-type levels.
Alfalfa mosaic virus (AMV) has a tripartite single-stranded RNA genome of messenger-sense polarity. RNAs 1 and 2 encode proteins P1 and P2, which are part of the viral replicase. RNA3 encodes the viral movement protein, P3, and the coat protein (CP), which is translated from a subgenomic messenger RNA, RNA4. The 3h untranslated regions (UTRs) of the AMV RNAs comprise a 3h sequence of 145 nt that is 80 % homologous in the three RNAs and upstream unique sequences of 18 (RNA1), 21 (RNA2) or 34 nt (RNA3). The 3h UTRs can be folded into a number of stem-loop structures that are flanked by AUGC motifs and contain specific binding sites for viral CP. Previously, we have shown that the 3h UTR of RNA3 contains a minimum of two independent binding sites for CP, site I being located in the homologous sequence of 145 nt and site II requiring at least part of the region that is unique to the Author for correspondence : John Bol.
Fax j31 71 527 4469. e-mail J.BOL!chem.LeidenUniv.nl 3h UTR of RNA3 (Reusken et al., 1994) . A CP binding site in the 3h-terminal 39 nt of RNA3 has been analysed in most detail (Houser-Scott et al., 1994 Reusken & Bol, 1996) . Binding of CP to the three genomic AMV RNAs is required to initiate infection (Bol et al., 1971 ; Smit et al., 1981) .
In addition to binding sites for CP, the 3h UTRs of AMV RNAs contain cis-acting sequences involved in template activity for minus-strand RNA synthesis by purified AMV RNA-dependent RNA polymerase (RdRp) in vitro and replication of the RNAs in vivo. Previously, we have shown that the full-length 3h UTRs of AMV RNAs 1, 2 and 3 are sufficient for wild-type (wt) levels of in vitro template activity and in vivo replication of the RNAs, whereas the 3h 127 nt are not (van Rossum et al., 1997) . Here, we have further analysed sequences in the 3h UTR of RNA3 required for in vitro and in vivo RNA synthesis.
Except for plasmids pTE208 and pBRAC35, the construction of all plasmids, shown schematically in Fig. 1 (a) and Fig. 2 (a), has been described previously (Reusken et al., 1994) . Plasmid pBRWT contains an insert consisting of the T7 promoter, a pBR-derived sequence of 783 nt (thin line in Figs 1 a and 2 a) and a sequence corresponding to the 3h-terminal 208 nt of RNA3 (thick line in Figs 1 a and 2 a) . In plasmids pBRTE2, pBRTE3, pBRTE4 and pBRTE5, the indicated 3h-terminal sequence of RNA3 was deleted ; T7 transcripts BRWTxD and BRWTxB were obtained by linearizing pBRWT by digestion with DraIII and Bst XI, respectively (Fig. 1 a) . Construct TE11 contains only the pBR-derived sequence downstream of the T7 promoter whereas in TE208, the cDNA corresponding to the 3h 208 nt of RNA3 is fused directly to the T7 promoter. pTE208 was made by digesting plasmid pTE7 (van der Kuyl et al., 1990) with HindIII and PstI to remove the pBR sequence, followed by treatment with T4 DNA polymerase and religation. The Bst XI-SmaI fragment from the resulting construct was replaced by the corresponding fragment of pBRWT to introduce a PstI site at the 3h end of the viral sequence that could be used for linearization of the plasmid. In plasmids pBRAC1, pBRAC2, pBRAC3, pBRAC4 and pBRAC5, the AUGC motifs 1, 2, 3, 4 and 5, respectively, are replaced by AGGC (hatched box in Fig. 2 a) . from pBRAC3 with that from pBRAC5 and therefore contains mutations in both AUGC motifs 3 and 5.
The mutants shown in Fig. 3 (a) were produced in pAL3, a full-length infectious clone of AMV RNA3. The introduction of a KpnI site downstream of the UGA stop codon of the CP gene (mutant p3Kpn) and deletion of the KpnI-Bst XI fragment [p3∆KB, deletion (∆) of nucleotides 166-178 from the 3h end], the Bst XI-DraIII fragment (p3∆BD, ∆128-169) and 3 nt at the DraIII site (p3∆D, ∆128-130) have been described previously (van der Vossen et al., 1994) . Deletion of the KpnI-DraIII fragment (p3∆KD, ∆128-178) was described by van Rossum et al. (1997) . For construction of p3∆KK (∆146-173) and p3∆KK-C, a DNA fragment was amplified by PCR using pAL3 as a template and the primer oligonucleotides 5h TGAGGTA- CCAATGCYGACCTCCACTGGG 3h (bold italics indicate a KpnI restriction site ; the underlined sequence corresponds to the sequence of nucleotides 145-127 from the 3h end of RNA3 with degenerate nucleotides at position 140) and 5h CTACCT-GCAGCATCCCTTAGGGGCATTC 3h (bold italics indicate a PstI restriction site ; the underlined sequence is complementary to the 3h-terminal 19 nt of RNA3). The PCR product was digested with KpnI and PstI and inserted into p3Kpn digested with the same enzymes.
Prior to in vitro transcription, plasmids were digested with PstI, Bst XI or DraIII followed by treatment with T4 DNA polymerase to generate blunt ends. In vitro transcription using T7 RNA polymerase was performed as described previously (van der Kuyl et al., 1991) and resulted in transcripts with 3h termini that do not contain non-viral nucleotides. All tran- scripts are referred to by the name of the corresponding plasmid without the prefix ' p '. Transcripts were extracted with phenol-chloroform before being used as templates for RdRp in vitro. The transcription mixtures were used without further treatment for inoculation of plants.
AMV RdRp was isolated from Nicotiana benthamiana plants infected with AMV strain 425 using the method described by Quadt et al. (1991) . T7 transcripts of the indicated plasmids were used as templates (0n5 µg of transcript per assay). [α-$#P]UTP was incorporated during the synthesis of the minusstrand RNA in vitro. The products were treated with S1 nuclease and subsequently analysed by electrophoresis on agarose gels and autoradiography, all essentially as previously described (Houwing & Jaspars, 1986 ; de Graaff et al., 1995) . Fig. 1 (b) shows the minus-strand RNA products synthesized in vitro by AMV RdRp upon addition of the transcripts shown schematically in Fig. 1 (a) . Without added template, no product was synthesized ( Fig. 1 b, lane 1) . Addition of a transcript with a pBR-derived sequence resulted in synthesis of a low level of background products (TE11, Fig. 1 b, lane 10) . A transcript corresponding to the 3h 208 nt of RNA3 was copied into a product of the expected size (TE208, Fig. 1 b, lane 2) with the same efficiency as a template consisting of a full-length RNA3 transcript (result not shown). Also, when the sequence of the 3h 208 nt of RNA3 was preceded by the pBR-derived sequence of 783 nt, the template was efficiently copied into a full-length minus-strand product (BRWT, Fig. 1 b, lane 3) . When 3h deletions of 11, 54, 100, 130, 133 or 169 nt were made in the viral sequence of transcript BRWT, template activity of the transcripts was greatly reduced or abolished ( Fig. 1 b, lanes 4-9) . The results indicate that an intact 3h end is required for template recognition by RdRp from N. benthamiana infected with AMV strain 425. Previously, we have used a number of the deletion mutants shown in Fig. 1 (a) as templates for an RdRp preparation isolated from bean plants infected with AMV strain YSMV. With the bean enzyme, significant template activity was observed for mutants with a 3h deletion of 11, 54, 100 or 133 nt (van der Kuyl et al., 1990) . In contrast to these earlier data, our present results with the enzyme from N. benthamiana correlate well with the finding that accumulation of 3h deletion mutants in protoplasts is about 100-fold lower than that of the wt (van der Kuyl et al., 1991) . Possibly, the bean enzyme showed a lower specificity in vitro than RdRp from N. benthamiana due to differences in isolation procedure, host or AMV strain used.
The seven stem-loop structures in the 3h UTR of RNA3 are interspersed by five AUGC motifs and one UUGC motif (see Fig. 3 a) . Replacing these AUGC motifs by AGGC had various effects on CP binding in vitro (Reusken et al., 1994) and RNA 1972) . RNA was isolated from the particles and an amount of RNA corresponding to 5 mg of fresh leaf material was used per slot. The blot was probed with 32 P-labelled cDNA 3 (Feinberg & Vogelstein, 1984) . The positions of RNAs 3 and 4 are indicated in the margins. (van der Vossen et al., 1994 ). Here, we tested the effect of these mutations on template activity in the in vitro RdRp assay. Fig. 2 (a) shows a schematic representation of wt AUGC motifs (open boxes) and mutant sequences (hatched boxes). Fig. 2 (b) shows that RNAs with a mutation in  AUGC motif 1, 2, 3, 4 or 5 (lanes 3-7) or a mutation in motifs 3 and 5 (lane 8) had template activity similar to that of the wt transcript (lane 2). Previously, we showed that mutations in motifs 2 and 3 affected CP binding to site I in the 3h UTR of RNA3 in vitro whereas mutations in motifs 4 and 5 affected CP binding to site II (Reusken et al., 1994 ; Reusken & Bol, 1996) . In addition, we observed that replacing AUGC motif 2 or 3 by AGGC reduced or abolished accumulation of RNA3 in plants, respectively (van der Vossen et al., 1994) . Apparently, the defect in these mutants in accumulation in vivo correlates with a defect in CP binding to RNA3 rather than with a defect in RdRp recognition in the in vitro assays. Fig. 3 (a) shows the predicted secondary structure of the 3h UTR of RNA3 and several deletions that were made in a fulllength infectious clone of RNA3. The model for the secondary structure is supported by enzymatic structure mapping (Quigley et al., 1984) . The deletions covered various sequences between the UGA stop codon of the CP gene (underlined in Fig. 3 a) and the DraIII restriction site in the cDNA at nt 127 from the 3h end of the RNA. The template activity of mutant RNA3 molecules in the in vitro RdRp assay is shown in Fig.  3(b) . In mutant 3Kpn, the U residues at positions 178 and 179 from the 3h end were changed into G residues to create a KpnI restriction site in the cDNA immediately downstream of the CP gene. The template activity of this mutant (Fig. 3 b, lane 3) was similar to that of a wt RNA3 transcript (Fig. 3 b, lane 2) . Three deletion mutants showed no template activity in the RdRp assay : 3∆KD (Fig. 3 b, lane 4) ; 3∆BD (Fig. 3 b, lane 6) ; and 3∆D (Fig. 3 b, lane 9) . In these three mutants, sequences are affected that are part of the stem-loop structure downstream of AUGC motif 4. Apparently, a deletion of 3 nt in the loop of this hairpin (mutant 3∆D) was sufficient to interfere with template activity of RNA in the RdRp assay. In mutant 3∆KB, nt 166-178 were deleted and template activity of this mutant in the RdRp assay (Fig. 3 b, lane 5 ) was similar to that of wt RNA3 (Fig. 3 b, lane 2) . This demonstrates that all elements required for recognition of RNA3 by RdRp from N. benthamiana are located within the 3h 166 nt of the RNA. To map these elements in more detail mutant 3∆KK was constructed. In this mutant, the sequence of the 3h UTR that is unique to RNA3 is deleted and the 3h sequence that is homologous to RNAs 1 and 2 is placed immediately 3h to the CP ORF stop codon. Compared to the wt RNA3 transcript, template activity of transcript 3∆KK in the RdRp assay was reduced substantially (Fig. 3 b, lane 7) . Mutation of the U residue at position 140 in mutant 3∆KK, which should destabilize the stem of the hairpin downstream of AUGC motif 4, further reduced template activity of the mutant in the RdRp assay (mutant 3∆KK-C, Fig.  3 b, lane 8) .
It has been shown by van der Vossen et al. (1994) that mutant 3∆KB accumulated at wt levels in transgenic tobacco plants transformed with the AMV P1 and P2 genes (P12 plants) whereas no accumulation of mutants 3∆BD and 3∆D in these plants was observed. Here, we analysed the accumulation of mutants 3∆KK and 3∆KK-C in P12 plants. Lane 11 of Fig.  3(b) shows the accumulation of RNAs 3 and 4 in P12 plants inoculated with the wt RNA3 transcript. Compared to the wt, accumulation of mutant 3∆KK in P12 plants was strongly reduced (Fig. 3 b, lane 12) and accumulation of mutant 3∆KK-C was even further reduced (Fig. 3 b, lane 13) . Thus, accumulation of these mutants in vivo parallels their template activity in the RdRp assay in vitro.
Previously, we showed that an exchange between RNAs 1, 2 and 3 of the 3h terminal homologous sequence of 145 nt had no detectable effect on the role of the full-length 3h UTRs in template activity of the RNAs in the RdRp assay in vitro or RNA accumulation in vivo (van Rossum et al., 1997) . Here, we have shown that this 145 nt homologous sequence is sufficient only for a low level of template activity in vitro and RNA accumulation in vivo. In the 3h UTR of RNA3 upstream elements that are unique to RNA3 are required to enhance the activity of this ' core ' promoter to wt levels. Mutant 3∆KB was found to accumulate at wt levels in P12 plants (van der Vossen et al., 1994) and showed wt template activity in the in vitro RdRp assay (this study). This shows that the sequence of nucleotides 145-165 from the 3h end of RNA3 is sufficient to enhance activity of the core promoter to give wt levels. By extrapolation, we may conclude that the unique sequences in the 3h UTRs of RNAs 1 and 2 contain a similar element that enhances activity of the 145 nt core promoters in these RNAs. The enhancing activity of the unique sequences of the 3h UTRs could reflect a possible interaction of these sequences with proteins from the RdRp complex or their potential effect on the secondary structure or three dimensional folding of the core promoter. The sequence of nucleotides 145-165 from the 3h UTR of RNA3 contains elements that are required for CP binding to site II (Reusken et al., 1994) . It remains to be determined whether the unique sequences of the 3h UTRs of RNAs 1 and 2 also represent CP binding sites.
